The amygdala plays a central role in various aspects of affect processing and mood regulation by its rich anatomical connections to other limbic and cortical regions. It is plausible that depressive disorders, and response to antidepressant drugs, may reflect changes in the physiological coupling between the amygdala and other components of affect-related large-scale brain systems. We explored this hypothesis by mapping the functional coupling of right and left amygdalae in functional magnetic resonance imaging data acquired from 19 patients with major depressive disorder and 19 healthy volunteers, each scanned twice (at baseline and 8 weeks later) during performance of an implicit facial affect processing task. Between scanning sessions, the patients received treatment with an antidepressant drug, fluoxetine 20 mg/day. We found that the amygdala was positively coupled bilaterally with medial temporal and ventral occipital regions, and negatively coupled with the anterior cingulate cortex. Antidepressant treatment was associated with significantly increased coupling between the amygdala and right frontal and cingulate cortex, striatum, and thalamus. Treatment-related increases in functional coupling to frontal and other regions were greater for the left amygdala than for the right amygdala. These results indicate that antidepressant drug effects can be measured in terms of altered coupling between components of cortico-limbic systems and that these effects were most clearly demonstrated by enhanced functional coupling of the left amygdala.
INTRODUCTION
The dominant emotional symptoms in major depression include depressed mood, anhedonia, anxiety, and irritability (American Psychiatric Association, 1994) . Amygdala dysfunction may have implications for the pathogenesis of these depressive symptoms (Drevets, 2001 (Drevets, , 2003 . It is known that the amygdala has a role in the recall of emotional memories, for instance those acquired in fearful or anxious contexts (LaBar and Cabeza, 2006) ; and excessive amygdalar activity seen in depressed patients is arguably related to their tendency to 'ruminate' on emotionally aversive memories (Drevets, 2001) . The amygdala is also involved in the perception of emotional cues (LeDoux, 2000) and the acquisition of emotional memory (LaBar and Cabeza, 2006) . Depressed patients may have abnormally elevated secretion of both noradrenaline (Wong et al, 2000) and cortisol (Lopez et al, 1999) , which generally have an acute effect of memory enhancement (LaBar and Cabeza, 2006) ; therefore, together with the presence of amygdala overactivity, the chance that emotionally neutral stimuli are perceived or remembered as being aversive may increase (Drevets, 2001) . Restoration of abnormal amygdala activity (Sheline et al, 2001) , noradrenaline metabolite levels (Potter et al, 1985) , and stress hormone regulation (Barden, 2004) were reported in depressed patients after antidepressant treatment, which may be associated with the amelioration of some depressive symptoms. Thus amygdala function in an abnormal endocrine milieu has been invoked to provide a mechanism for the negative bias that is typical of the mnemonic and perceptual functions of patients with depression.
However, understanding the pathophysiology of the amygdala must take into account the richness of its anatomical connections with other regions (Aggleton, 1993) . Nonhuman primate studies provide valuable insights into a functional understanding of the anatomical connectivity of the amygdala. The key functions of the amygdala are: firstly, processing emotionally valent sensory input signals and emotional memories by interacting with other regions such as sensory cortices, thalamus, and hippocampus; secondly, expressing emotions by connecting with central autonomic structures (Ghashghaei and Barbas, 2002; Barbas, 2000) . It follows that functionally abnormal connectivity of the amygdala with other brain regions could be fundamental to many of the wide range of autonomic, emotional, and cognitive symptoms associated with the pathological state of depressive disorder.
Most previous functional neuroimaging studies of depressive disorder have measured brain activation at each region or voxel of the images and tested for a difference in local brain function between depressed patients and appropriate comparison subjects. In this way, abnormalities of amygdala activation have been quite consistently demonstrated in depression (Drevets et al, 1992 (Drevets et al, , 2002b Sheline et al, 2001; Siegle et al, 2002) . The same methodological approach has also been used to demonstrate local changes in amygdala function associated with antidepressant treatment (Drevets et al, 2002a; Fu et al, 2004; Sheline et al, 2001) .
However, despite the theoretical expectation that aspects of the depressive syndrome might emerge from abnormal interactions between the amygdala and other brain regions, relatively few functional neuroimaging studies have adopted a multivariate approach to data analysis required to detect the effects of antidepressant drugs on neural connectivity (Anand et al, 2005a, b; Irwin et al, 2004; Seminowicz et al, 2004) .
On the basis of these data and the more general theoretical considerations outlined above, we hypothesized that treatment with antidepressant medication would be associated with changes in functional coupling of the amygdala. To test this hypothesis we estimated the associations between task-related activity in the right or left amygdalae during perceptual processing of sad faces and all other voxels in functional magnetic resonance images (fMRI) of the brain acquired in a factorially designed study. Nineteen patients with depression were scanned twice during an implicit facial affect processing task, once at baseline and once following 8 weeks treatment with fluoxetine 20 mg/day. Nineteen healthy volunteers were also scanned twice during performance of the same task, at baseline and 8 weeks later, but did not receive antidepressant treatment. This design allowed us to test for a main effect of group (patients vs controls) on time-related change in right and left amygdalae coupling, that might be indicative of the effects of antidepressant treatment, as well as group-by-side interactions that might be indicative of lateralized effects of antidepressant treatment on amygdala coupling. Time-related change here refers to the difference in functional coupling of the amygdala measured at week 0 and at week 8. Different aspects of these data, based on multiple univariate analysis, have been previously reported by Fu et al (2004) and Chen et al (2007) .
MATERIALS AND METHODS

Participants
Nineteen patients meeting DSM-IV criteria for major depressive disorder (American Psychiatric Association, 1994) , as operationalized by the Structured Clinical Interview for DSM-IV Axis 1 Disorders (First et al, 1995) , were recruited through local newspaper advertisements: mean age ± SD ¼ 43.3 ± 8.6 years; 13 females, 6 males. Inclusion criteria were an acute episode of major depressive disorder of the unipolar subtype and a score of at least 18 on the 17-item Hamilton Rating Scale for Depression (HAM-D; Hamilton, 1960) . Exclusion criteria were a history of neurological trauma resulting in loss of consciousness, current neurological disorder, current comorbid Axis 1 disorder (including bipolar disorder and anxiety disorder), or a history of substance abuse within 2 months of study participation. All patients were free of psychotropic medication for a minimum of 4 weeks at recruitment.
Nineteen healthy comparison subjects were recruited by advertisement from the local community and matched to the patients in terms of mean age and sex: mean age ± SD ¼ 42.8 ± 6.7 years; 11 females, 8 males. These comparison subjects all had HAM-D scores of less than 8 and no history of any psychiatric disorder, neurological disorder, or head injury resulting in a loss of consciousness.
All participants provided written, informed consent. The project was approved by the Ethics Research Committee, Institute of Psychiatry, London, England.
Fluoxetine Administration and Clinical Assessment Protocol
Patients received oral antidepressant treatment with fluoxetine hydrochloride, a selective serotonin reuptake inhibitor, administered in a single daily dose of 20 mg/day, starting as soon as possible after the baseline clinical and MRI assessments and continuing until their completion of the study protocol 8 weeks later. For the duration of their participation in the study, the patients were assessed clinically every 2 weeks by a psychiatrist (CF) and depressive symptoms were serially rated using HAM-D. All patients recruited into the study were able to complete the protocol satisfactorily. Mean baseline symptom score was in the moderate-severe range, HAM-D ¼ 21.3 ± 2.4 (SD), and was reduced by approximately 56% over the course of treatment; HAM-D at week 8 ¼ 9.3±5.8.
Implicit Sad Facial Affect Processing Task
We used an event-related fMRI paradigm with wellestablished stimuli to activate brain systems implicated in incidental processing of affectively valent faces or emotional expressions. Ten faces from a standard series of facial expressions of sadness were morphed to represent low, medium, and high intensities of sadness. Each facial stimulus was presented twice at each intensity of sadness (60 faces in total) interspersed with 12 baseline trials (crosshair fixation) in random order. For each facial trial, subjects were asked to indicate the gender of the face by lateral movement of a joystick. Total duration of the experiment was 360 s; see Fu et al (2004) for further details on paradigm design and factorial analysis of differential activation in response to different intensities of facial affect.
Functional MRI Data Acquisition
Gradient-echo single-shot echoplanar imaging (EPI) was used to acquire T2*-weighted MR image volumes using a General Electric IGE LX System operating at 1.5 T at the 
Connectivity Analysis
Connectivity analysis in functional neuroimaging has been influentially subdivided into two general classes: functional connectivity, which measures the statistical association between dynamic activity at two anatomically distinct sites in the brain; and effective connectivity, which measures the directional influence that one region exerts on activity in other regions (Friston, 1994; Friston et al, 1997) . Subsequent statistical models employed in testing for effective connectivity among brain areas include structural equation modeling, causal dynamic modeling, and autoregressive modeling (Friston et al, 2003; McIntosh et al, 1994; Goebel et al, 2003) . These models accommodate more complex procedures such as modeling nonlinear effects, lagged effects, or estimating several multiple regression analyses simultaneously.
We used a simple regression analysis to measure the association between the amygdala and other brain regions on a voxel by voxel basis. As summarized earlier, the connections between the amygdala and many other brain regions likely perform an important role in affect processing. Based on this evidence, we were interested in estimating the strength of functional coupling between the amygdala and other brain regions before and after antidepressant treatment. In brief, we used a linear regression model to estimate whole brain maps of functional coupling between right and left amygdalae activityFrepresented by regional mean time series individually extracted from the amygdala bilaterallyFand all other voxels in the images. For each subject, the maps of right and left amygdalae coupling at baseline were subtracted from the maps of amygdala coupling at week 8, generating maps of the timerelated differences in right and left amygdalae coupling. These data were then treated as dependent variables in a two-way analysis of variance (ANOVA) model comprising group (patients vs controls as a between-subject factor), side (left or right amygdala as a within-subject factor), and the group-by-side interaction. This model was fit identically to the coupling difference measures at each intracerebral voxel and the factors were tested for significance by a permutation test. This simple regression model provides a procedure for characterizing the strength of functional coupling between the seed region (amygdala) and other brain regions on a whole brain basis (Heinz et al, 2005) . However, it cannot be used for testing a model of directional interactions among multiple brain areas guided by their known anatomical connectivity. This general strategy is described below in greater detail.
Preprocessing
Each individual fMRI dataset was preprocessed to correct for effects of head movement by image realignment and differences between slices in timing of data acquisition before affine and nonlinear spatial normalization to the Montreal Neurological Institute (MNI) EPI template image. No spatial smoothing was applied to the time series volumes. These operations were implemented using SPM2 software (http://www.fil.ion.ucl.ac.uk/spm2.html).
Regional Mean Time Series Extraction from the Left and Right Amygdala
We used the Automated Anatomical Labeling template image (AAL; Tzourio-Mazoyer et al, 2002) to define voxels in each fMRI dataset that represented the right and left amygdalae regions. Two regional mean time series were estimated for each individual by averaging the fMRI time series over all voxels in the right or left amygdala, as described previously by Salvador and colleagues (Salvador et al, 2005) . Each regional mean time series was further corrected for the effects of head movement, using the statistical software R (http://www.r-project.org/), by regression on the time series of translations and rotations of the head estimated in the preprocessing step of image realignment. The residuals of these regressions constituted a new pair of regional mean time series that were used in all subsequent analysis.
Functional Coupling
For whole brain mapping of amygdala coupling, the motion corrected time series representing right and left amygdalae were separately regressed on all fMRI time series in each individual's dataset (without prior convolution by a model of the hemodynamic response function). The design matrix specified for this regression analysis also included the time series of translations and rotations of the subject's head (estimated during preprocessing) as nuisance covariates. This resulted in two maps of the regression coefficients for the effect of (right and left) amygdala activity on all other brain regions for each participant in the study. These were averaged over all participants within each group to produce maps of group mean amygdala coupling which were thresholded at |t 75 |43.69, Po0.001 (uncorrected) to represent the pattern of amygdala coupling on average over both time points (week 0 and week 8).
Analysis of Variance and Significance Testing
To identify locations of significant group, side, and groupby-side effects on changes in amygdala coupling over time from week 0 to week 8, we subtracted the subject-specific coupling maps at week 0 from those of week 8 and performed a 2 Â 2 mixed effects ANOVA using the difference of amygdala coupling between week 8 and week 0 as the dependent variables. This model was specified to include a main effect of group (with 2 levels, depressed patients, and healthy volunteers; an indicator of antidepressant effects regardless of side), a main effect of side (with 2 levels, left, and right), and a group-by-side interaction (an indicator of lateralized antidepressant effects on amygdala coupling).
The model was fit at each intracerebral voxel in standard space and statistical significance of each effect was tested by a cluster-level permutation test. Briefly, this involved applying a preliminary probability threshold (Po0.05) to the corresponding voxel statistic maps and setting all subthreshold voxels to 0, thus creating a set of suprathreshold voxel clusters that were spatially contiguous in three dimensions. The sum of the suprathreshold voxel statistics, or cluster statistic mass M, was tested by means of a permutation test with cluster-wise probability of a type I error Po0.005. At these thresholds, we expect less than 1 false-positive cluster per map (Suckling and Bullmore, 2004; Bullmore et al, 1999) .
We also fitted another 2 Â 2 mixed effects ANOVA model comprising a main effect of group, a main effect of time, and the group Â time interaction, with right or left amygdala coupling separately treated as the dependent variable. Factorial effects on right or left amygdala coupling were tested by a cluster-level permutation test as described above; see Supplementary Material and Supplementary Figure S1 .
Finally, we made between-group comparisons, by independent t-tests at each voxel, to highlight differences between depressed patients and control subjects in right or left amygdala coupling at week 0 and at week 8; see Supplementary Material and Supplementary Figure S2 .
RESULTS
Group Maps of Mean Amygdala Coupling
As shown in Figure 1 , right and left amygdalae were positively coupled with the medial temporal lobes and ventral occipital cortex bilaterally. Amygdala was also negatively coupled with the anterior cingulate cortex. Broadly similar patterns of amygdala coupling were found for both healthy volunteers and patients with depression on average over both time points (week 0 and week 8). However, betweengroup comparisons (Supplementary Figure S2) showed that functional coupling of the left and right amygdalae was decreased in depressed patients compared to matched healthy controls at baseline in hippocampus, bilateral amygdala, putamen, insula, parahippocampal gyrus, inferior, middle, and superior temporal cortices, and inferior and middle frontal cortices. No regions showed greater functional coupling of the bilateral amygdala in depressed patients compared to healthy controls at baseline. There was no significant difference between depressed and control groups in functional coupling of the amygdala after treatment, suggesting that antidepressant treatment normalizes functional coupling of the amygdala in patients.
Factorial Analysis of Changes in Amygdala Coupling
There was evidence for a main effect of group on timerelated changes in amygdala coupling; see Figure 2 . On average over both sides, patients with depression had a significantly greater time-related increase in amygdala coupling with right prefrontal cortex (approximate Brodmann areas (BA) 46, 45, 48), anterior cingulate cortex (BA 32), insula, thalamus, caudate nucleus, and putamen; see Table 1 for anatomical details. Since the patients were receiving antidepressant medication over the 8-week period between baseline and final imaging sessions, this result indicates that antidepressant treatment may increase the functional coupling between the amygdala bilaterally and prefrontal, anterior cingulate, and subcortical regions.
We found no evidence for a significant main effect of side, indicating that time-related changes in amygdala coupling were not lateralized on average over both groups.
However, we did find evidence for a significant group-byside interaction located in left medial and lateral temporal cortex, left ventral occipital and inferior parietal cortex, left posterior cingulate cortex, right prefrontal cortex, cerebellum, insula, and putamen; see Figure 2 and Table 1 for anatomical details. Post hoc analysis demonstrated that time-related changes in left amygdala coupling with these regions were consistently greater than time-related changes in right amygdala coupling in the patients with depression (left cerebellum: t 18 ¼ 2.98, P ¼ 0.008; insula, hippocampus, putamen, left temporal and left occipital cortices, left supramarginal, left postcentral, and left inferior parietal gyri: t 18 ¼ 3.47, P ¼ 0.003; right middle frontal and right inferior frontal gyri, and pregenual anterior cingulate cortex: t 18 ¼ 4.09, P ¼ 0.001; posterior cingulate, right superior parietal gyrus, and right calcarine gyrus: t 18 ¼ 3.94, P ¼ 0.001; see Table 1 ); whereas time-related changes in left amygdala coupling were consistently less than timerelated changes in right amygdala coupling in the healthy Table 1 ).
In Supplementary Material, we report the results of a second ANOVA model comprising a main effect of group, a main effect of time, and the group Â time interaction, with right or left amygdala coupling separately treated as the dependent variable. The maps of the group Â time interaction confirm that the right prefrontal cortex is the main locus of a group difference in time-related change of left amygdala coupling. There was no significant group Â time effect on coupling of right amygdala. In Supplementary Figure S1 , we illustrate the compatibility of this result with the one previously reported by fitting an ANOVA model comprising a main effect of group, a main effect of side (right or left amygdala), and the group Â side interaction, with time-related difference in right or left amygdala coupling as the dependent variable.
Results from both models are consistent with the hypothesis that antidepressant treatment was associated with significantly increased coupling between right frontal regions and (specifically) left amygdala.
DISCUSSION
There are three main findings from this analysis: (1) in both depressed patients and healthy volunteers, and on average over both time points and both sides, the amygdala was positively coupled with medial temporal and ventral occipital regions and negatively coupled with the anterior cingulate cortex; (2) depressed patients treated with antidepressant medication over the course of 8 weeks demonstrated a significant time-related increase in functional coupling between the amygdala and right prefrontal and anterior cingulate cortex; (3) time-related increases in amygdala coupling in the patient group were significantly greater for the frontal and posterior connections of left amygdala compared to right amygdala. We discuss each of these results in turn.
Positive and Negative Functional Coupling of the Amygdala
The pattern of functional coupling represented by the group mean maps (Figure 1) is compatible with the known anatomical connections of the amygdala. Positive coupling indicates that amygdala activity is associated with increased activity in medial temporal and ventral occipital regions which could reflect the known modulating feedback connections of the amygdala to ventral occipital regions The first two rows show the anatomical locations of a main effect of group on time-related change in amygdala coupling. A significantly greater time-related increase in functional coupling of bilateral amygdala to these regions (eg right prefrontal and anterior cingulate cortex) was shown in depressed patients treated with antidepressant medication over the course of 8 weeks. The last two rows show the anatomical locations of a significant group-by-side interaction. These regions show that time-related changes in functional coupling of the amygdala are significantly different between left and right amygdala in both groups. After antidepressant treatment, time-related change in left amygdala coupling with these regions was greater than time-related change in right amygdala coupling, in depressed group. All maps are presented in the Talairach standard space; the crosshair indicates the origin of the x and y dimensions and the z dimension is shown numerically; the right side of each map corresponds to the right side of the brain. Right panel: The boxplot on the top illustrates the main effect of group. The boxplot on the bottom illustrates the group-by-side interaction. Cluster mass represents time-related change in amygdala coupling (eg a positive value represents increased amygdala coupling over the 8-week period).
Functional coupling of the amygdala C-H Chen et al involved in visual processing of affectively valent stimuli (Aggleton, 1993) . Negative coupling of the amygdala to anterior cingulate cortex is compatible with prior functional neuroimaging data demonstrating negative functional connectivity between the supragenual anterior cingulate cortex and the amygdala during perception of threatening faces in healthy volunteers (Pezawas et al, 2005) . The authors argued that this coupling (correlation) demonstrated a feedback circuit implicated in the extinction of negative affect (Pezawas et al, 2005) . However, this study also reported positive connections between the subgenual anterior cingulate and the amygdala in contrast to our negative connections observed in the same regions (Pezawas et al, 2005) . This discrepancy in the sign of coupling between amygdala and subgenual cingulate cortex might be due to the different types of emotions presented in the two experiments. During perception of threatening stimuli, positive coupling, as reported previously (Pezawas et al, 2005) , might be related to an excitatory influence from the amygdala to the subgenual anterior cingulate cortex. Negative connections during perception of sad faces might suggest that amygdala activity can also have an inhibitory effect on activity in the anterior cingulate cortex. Thus the amygdala activity-induced suppression or potentiation of the anterior cingulate activity might be context dependent.
In support of this interpretation, we note that one of the most important afferent connections to medial prefrontal cortex in rodents is from the basolateral nucleus of the amygdala (Bacon et al, 1996) . There is additional evidence that this ascending amygdalofrontal pathway provides not only direct excitatory ascending inputs to pyramidal neurons but also to local inhibitory interneurons in the medial prefrontal cortex (Gabbott et al, 2006) . Previous data in rodents has also shown that, following experimental stimulation of the amygdala, the most frequent response is reduced activity of pyramidal neurons in medial prefrontal cortex (Garcia et al, 1999; Perez-Jaranay and Vives, 1991) ; and reduced prefrontal cortex activity was inversely correlated with increases in amygdala neuronal activity (Garcia et al, 1999) . Thus our observations of negative amygdalocingulate coupling in human functional MRI data can be regarded as compatible with the known inhibitory effects of ascending projections from amygdala to homologous regions of medial prefrontal cortex in rats. However, we note that this interpretation assumes rather a simple relationship between the sign of the functional coupling (regression) coefficient and the postsynaptic effects of amygdala input at a cellular level; whereas the nature of the relationships between functional imaging measures of connectivity and postsynaptic effects in the underlying neuronal populations is in fact controversial (Lauritzen, 2005) .
Antidepressant Effects on Amygdala Coupling
We found that the influence of the amygdala on the right middle prefrontal cortex, inferior frontal gyrus, pregenual anterior cingulate, anterior midcingulate, insula, thalamus, caudate, and putamen was increased in depressed patients over the course of 8 weeks of antidepressant treatment. In other words, following treatment, a unit change in amygdala activity was associated with greater activity of a right fronto-striato-thalamic system in patients. It has been argued that a limbic cortical-striato-pallido-thalamic circuit, including the amygdala, medial and orbital prefrontal cortex, striatum, pallidum, and medial thalamus, is involved in the pathophysiology of depression (Drevets, 2001) . This circuit plays a central role in systems-level modulation of emotional, cognitive, and motivational activities (Drevets, 2000; Sheline, 2003) . There is strong evidence from anatomical studies in primates that cortical and subcortical components of this system are interconnected and receive projections from the amygdala (Alexander et al, 1986; Russchen et al, 1985; Vogt and Pandya, 1987) . The amygdala plays a key role in evaluating the emotional significance of a perceived stimulus and it sends outputs to the medial and orbital prefrontal cortex which are thought to be important for response selection and decision making (Barbas, 2000; Bechara et al, 2000 Bechara et al, , 2003 LeDoux, 2000; Vogt, 2005) . Both the amygdala and the prefrontal cortex have connections with the striatum (Cavada et al, 2000; Russchen et al, 1985; Alexander et al, 1986) . These pathways could be involved in goal-directed behaviors (Kalivas and Nakamura, 1999; Kringelbach and Rolls, 2004) . Therefore, these regions constitute key elements of a circuit through which emotional stimuli could direct behavior toward positive goals and away from aversive ones (Kalivas and Nakamura, 1999; Robbins and Everitt, 1996; Ikemoto and Panksepp, 1999) . Our data indicating increased strength of functional coupling between these regions in depressed patients treated with antidepressants is compatible with the idea that the interactions between the amygdala and frontostriato-thalamic systems may be important for appropriate emotional and motivational behaviors. Increased coupling in this context can therefore be plausibly associated with the amelioration of some depressive symptoms such as depressed mood, anhedonia, fatigue, and psychomotor dysfunction.
We also observed increased coupling between the amygdala and lateral prefrontal cortex including the middle and inferior frontal gyri. The prefrontal cortex has long been argued to play an important role in cognitive control and integrating thought and action in accordance with internal goals (Miller and Cohen, 2001) . Increased coupling between the amygdala and right lateral prefrontal cortex might facilitate the prefrontal modulation of amygdala activity. Our results are compatible with the view that antidepressants may increase corticolimbic coupling and enhance the cortical regulation of abnormal limbic activation (Anand et al, 2005b; Mayberg, 2002) , and with prior observations that antidepressant treatment may be associated with increased frontal cortical blood flow or activation and decreased subcortical blood flow or activation (Mayberg et al, 1999 (Mayberg et al, , 2000 Buchsbaum et al, 1997; Kennedy et al, 2001; Davidson et al, 2003; Fu et al, 2004; Sheline et al, 2001) .
Neural connectivity in major depression has been investigated in several prior brain imaging studies (Anand et al, 2005a, b; Irwin et al, 2004; Seminowicz et al, 2004) . Antidepressant drug responders differed from nonresponders in a network of lateral prefrontal cortex, subgenual anterior cingulate, orbitofrontal cortex, and hippocampus using structural equation modeling (Seminowicz et al, 2004) ; however, these authors did not include the amygdala in their model. Increased functional connectivity between right and left amygdalae was reported in depressed patients compared to healthy controls (Irwin et al, 2004) . The authors argued that due to the lack of direct anatomical connections between two sides of the amygdala, interhemispheric communication between the amygdalae must be mediated via the frontal regions or other intervening structures. Theoretically therefore reduced frontoamygdalar connectivity in depressed patients could result in reduced hemisphere-specific frontal inputs to the ipsilateral amygdala; thereby increasing the susceptibility of both right and left amygdalae to be influenced by nonlateralized inputs in common, leading to the observed increase in interhemispheric correlation. Carriers of the short allele of 5-HT transporter promoter polymorphism, who have increased risk of depression, showed relative uncoupling of amygdalo-cingulate connectivity compared to long allele carriers (Pezawas et al, 2005) .
Decreased functional connectivity (correlation) between the pregenual anterior cingulate and limbic regions including amygdala, striatum, and medial thalamus has been demonstrated in unmedicated depressed patients relative to healthy controls (Anand et al, 2005a) , suggesting that patients may have decreased cortical regulation of limbic regions in response to negative stimuli (Anand et al, 2005a) . In a further study by the same group, functional connectivity between the anterior cingulate cortex and limbic regions was significantly increased in patients after antidepressant treatment in data acquired in the resting state and during exposure to affectively neutral and positively valent pictures. However, in response to negatively valent pictures, corticolimbic correlations remained decreased in depressed patients (Anand et al, 2005b) . Our data are broadly aligned with these results in suggesting that modulation of coupling between limbic and cortical regions may be a biological marker of antidepressant drug effects on brain function. However, clearly there are also discrepancies between our findings of enhanced coupling between the amygdala and right prefrontal cortex and anterior cingulate cortex in data acquired during exposure to negatively valent stimuli and the observation by Anand et al (2005b) that the connections of the limbic structures and the pregenual anterior cingulate remain abnormally decreased in patients following 6 weeks of treatment with sertraline. Possible reasons for this discrepancy include a longer period of antidepressant treatment in our study, and differences in data analytical procedures.
The molecular mechanisms by which antidepressant drugs might modulate amygdala connectivity are not defined by these or other neuroimaging data but we note that neurotrophic effects of antidepressants have been described (Castren, 2005; Nestler et al, 2002) and it is conceivable that drug-induced synaptic plasticity could be reflected in enhanced coupling at the systems level of neuroimaging.
Lateralization of Antidepressant Effects on Amygdala Coupling
We also found evidence that the effects of antidepressant treatment on amygdala coupling were more salient for the left amygdala than for the right, suggesting that there might be lateralized differences in the functional effects of amygdalo-cortical projections or the susceptibility of these projections to modulation by antidepressant drugs. Resting blood flow or metabolism of the amygdala appears to be elevated on both sides of the brain in the depressed state and the left amygdala function was also specifically increased between depressive episodes in familial depressives who were not taking antidepressant treatment (Drevets, 1999 (Drevets, , 2003 . It has been argued that the elevated activity in the left amygdala in depression may result from reduced inhibitory inputs to amygdala (Drevets, 1999) , and a decrease of left amygdala activity to normal was observed after chronic antidepressant treatment (Drevets et al, 2002a) . In addition, most imaging studies have reported left amygdala activation when subjects were shown unmasked emotional stimuli (Iidaka et al, 2001; Ohira et al, 2006; Levesque et al, 2003; Phan et al, 2005; Adolphs, 2002) whereas the right amygdala may be activated more in response to subliminally presented stimuli (Adolphs, 2002; Morris et al, 1998) . It has been suggested that the left and right amygdalae play a differential role in processing facial expressions in collaboration with other cortical or subcortical regions, with the left amygdala being related more strongly to the bilateral prefrontal cortex, and the right to the right temporal lobe (Iidaka et al, 2001) . Furthermore, an increase of the right (Levesque et al, 2003; Phan et al, 2005; Ochsner et al, 2004) and left (Ohira et al, 2006) lateral prefrontal cortex activities was observed with voluntary suppression of emotion. Taken together, these results may suggest that the left rather than right amygdala might be more sensitive to unmasked emotional stimuli, particularly with negative valence, and more associated with bilateral prefrontal cortical activity, which plays a role in the regulation or suppression of emotional response. Our data showing enhanced functional coupling following antidepressant treatment between the left amygdala and right lateral prefrontal cortex in response to unmasked negative faces appear to be compatible with these observations.
Methodological Issues
The sample size is modest and the statistical power to detect significant effects on amygdala coupling may be limited by intersubject variability. The patient group was sampled from a restricted age range (mean 43.3 years) and, pending replication, our results should not be assumed to generalize to younger or more elderly patient groups.
At the first level of analysis, we used a linear regression model to map functional coupling of the right and left amygdalae and, at the second level, we used a mixed effects ANOVA model and permutation testing to identify brain regions where there were significant effects of group or group-by-side on the strength of connections. This approach has the merit of simplicity but could be refined in future studies to discriminate the components of connectivity attributable to task-related processing (Friston et al, 1997) from those attributable to endogenous or residual activity in the amygdala. Another potential refinement would be to use more sophisticated multivariate approaches to modeling effective connectivity between multiple regions, such as structural equation modeling (Bullmore et al, 2000; McIntosh et al, 1994) and dynamic causal modeling (Friston et al, 2003) , which might allow a more precise disambiguation of direct vs indirect effects of amygdala activity on other cortical regions. Functional connectivity (correlation) analysis has been used to study the neural substrates of depression and antidepressant drugs (Anand et al, 2005a, b; Irwin et al, 2004) . This approach embodies the notion that if the activities of two brain areas are correlated, then they are likely to be functionally connected. The association is nondirectional and signal amplitude is not taken into account. A regression analysis is employed to measure the extent to which variation of activity in one brain region is predicted by that of another region. The association can be use as a measure of functional coupling between regions (Heinz et al, 2005) . A model for directional interactions among multiple brain regions derived from prior theory (eg anatomical connectivity) can be tested by effective connectivity analysis (Frackowiak et al, 2004) . For example, Seminowicz et al (2004) employed structural equation modeling to examine brain interactions in the limbicfrontal circuitry in major depressions. The comparison among these studies will need to consider methodological differences such as choice of analytical methods and experiment paradigms (eg task or resting). Finally it is notable that translation of results from connectivity analysis at the systems level of functional neuroimaging to the cellular level of postsynaptic inhibition or excitation is complicated by the current lack of consensus about the interpretation of negative BOLD signal changes (Lauritzen, 2005) and progress in this area is likely to depend on further studies combining fMRI and direct electrophysiological recordings from multiple sites in animal models (Lee et al, 2003) .
